Versatile Monolithic V/Fs 
Can Compute as Well as 
Convert with High 
Accuracy 



The best of the monolithic voltage-to-frequency (V/F) con- 
verters have performance that's so good it equals or ex- 
ceeds that of modular types. Some of these ICs can be 
designed into quite a variety of circuits because they're no- 
tably versatile. Along with versatility and high performance 
come the advantages that are characteristic of all V/F con- 
verters, including good linearity, excellent resolution, wide 
dynamic range, and an output signal that's easy to transmit 
as well as couple through an isolator. 
One of the recently introduced monolithic types, the LM1 31 , 
has both high performance and a design that's rather flex- 
ible. For instance, it can compute and convert at the same 
time; the computation is a part of the conversion. Among 
other functions, it can provide the product, ratio and square 
root of analog inputs. 

This IC has an internal reference for its conversion circuitry 
that's also brought out to a pin, so it's available to external 
circuits associated with the converter. Not surprisingly, it 
turns out that any deviations of the reference, due to pro- 
cess variations and temperature changes have equal and 
opposite effects on the scale factors of the converter and 
the external circuitry. (This presumes, of course, that the 
scale factor of the external circuitry is a linear function of 
voltage.) 

PRECISION RELAXATION OSCILLATOR 

Before looking at some applications, quickly take a look at 
the basic circuit of an LM1 31 V/F converter (Figure 1). Basi- 
cally, this IC, like any V/F converter, is a precision relaxation 
oscillator that generates a frequency linearly proportional to 
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the input voltage. As might be expected, the circuit has a 
capacitor, C|_, with a sawtooth voltage on it. Generally 
speaking, the circuit is a feedback loop that keeps this ca- 
pacitor charged to a voltage very slightly higher than the 
input voltage, V|n. If V|n is high, Cl discharges relatively 
quickly through R|_, and the circuit generates a high frequen- 
cy. If Vim is low, C|_ discharges slowly, and the converter 
puts out a low frequency. 

When Cl discharges to a voltage equal to the input, the 
comparator triggers the one-shot. The one-shot closes the 
current switch and also turns on the output transistor. With 
the switch closed, current from the current source recharg- 
es C|_ to a voltage somewhat higher than the input. Charg- 
ing continues for a period determined by Rj and Cj. At the 
end of this period, the one-shot returns to its quiescent state 
and C|_ resumes discharging. 

Resistor Rs sets the amount of current put out by the cur- 
rent source. In fact, the current in pin 1 , with the switch on, 
is identical to the current in pin 2. The latter pin is at a 
constant voltage (nominally 1 .90V), so a given resistor value 
can set the operating currents. When connected to a high 
impedance buffer, this pin provides a stable reference for 
external circuits. 

The open-collector output at pin 3 permits the output swing 
to be different from the converter's supply voltage, if the 
load circuit requires. The supplies don't have to be sepa- 
rate, however, and both the converter and its load can use 
the same voltage. 
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FIGURE 1. A voltage-to-frequency converter such as this is a relaxation oscillator with a frequency proportional 
to the input voltage. Current pulses keep C|_'s average voltage slightly greater than the input voltage. 

Reprinted from ELECTRONIC DESIGN-December 6, 1976 © 1979 Hayden Publishing Co., Inc. 
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STEADY AS SHE GOES 

By far the simplest of the circuits that make use of the refer- 
ence output voltage from the LM131 is one that simply ties 
this output pin right back to the signal input. This connection 
is just a V/F converter with a constant input, which makes it 
a constant-frequency oscillator. Even with this simple circuit 
(Figure 2), variations in the reference voltage have two op- 
posite effects that cancel each other out, so the circuit is 
particularly stable. In this type of circuit, the temperature-de- 
pendent internal delays tend to cancel as well, which isn't 
true of relaxation oscillators based on op amps or compara- 
tors. 
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FIGURE 2. A V/F converter is a stable-frequency 
oscillator if its input is connected to its reference 

output. If the reference voltage changes, the 

effects of the change cancel out, so the frequency 

doesn't change. With low tempco components for Rj 

and Cy, frequency stability vs temperature can be 

as good as ± 25 ppm/°C. 



*Stable components with low tempco 

A1 should have low offset; LM308A, 1 /2 LM358A, LF351 B, or similar 
A2: General purpose, such as LF351 , 1 /2 LM358A or LM741 



Resistors R|_ and Rs are best taken from the same batch. 
(R|_ must be larger than Rs, so it's made up of two resis- 
tors.) By doing this, the tempco tracking, which is the critical 
parameter, is five to ten times better than it would be if R[_ 
were a single 30.1 kfl resistor. 

Although the reference output, pin 2, can't be loaded with- 
out affecting the converter's sensitivity, the comparator in- 
put, pin 7, has a high impedance so this connection does no 
harm. 

Frequency stability is typically ±25 ppm/°C, even with an 
LM331, which as a V/F converter is specified only to 150 
ppm/°C maximum. From 20 Hz to 20 kHz, stability is excel- 
lent, and the circuit can generate frequencies up to 120 kHz. 
Although the simplest way of using the reference output is 
to tie it back to the input, the reference can also be buffered 
and amplified to supply such external circuitry as a resistive 
transducer, which might be a strain gauge or a pot (Figure 
3). As in the stable oscillator already described, deviations 
of the internal reference voltage from the ideal cause the 
transducer's and the converter's sensitivities to change 
equally in opposite directions, so the effects cancel. 
In this circuit, op amp A2 buffers and amplifies the constant 
voltage at pin 2 of the converter to provide the 5V excitation 
for the strain gauge. Amplifier A1, connected as an instru- 
mentation amplifier, raises the output of the strain gauge to 
a usable level while rejecting common-mode pickup. 
A potentiometer-type transducer works just as well with this 
circuit. Its wiper output takes the place of A1's output as 
shown at the X. 

The reference terminal is both a constant voltage output 
and a current programming input. So far, it's been shown 
simply with one or two resistors going to ground. It is, how- 
ever, a full-fledged signal input that accepts a signal from a 
current source quite well. 
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FIGURE 3. In this strain-to-frequency converter, the converter's reference excites the strain gauge (or the optional pot) 
through buffer amp A2. This makes the circuit insensitive to changes in the reference voltage. 



This extra input is what enables the LM131 to compute 
while converting. For instance, it will convert the ratio of two 
voltages to a frequency proportional to the ratio (Figure 4). 
The circuit is still a V/F converter, but has two signal inputs, 
both of them going to rather unorthodox places at that. The 
inputs, shown as voltages, are converted to currents by two 
current pumps (voltage-to-current converters). Of course, if 
currents of the proper ranges are available, the current 
pumps aren't needed. The left current pump, which includes 
Q1 and A1 , determines how fast capacitor C|_ discharges 
between output pulses. The other pump sets the current in 
the reference circuit to control the amount of recharge cur- 
rent when the one-shot fires. Tying the comparator input, 
pin 7, to the reference pin sets the comparator's trip point at 
a constant voltage. 
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A1 , A2 should have low offset and low bias 
current: LM351B, LM358A, LF353B, or similar 
Q1, Q2: 2N3565, 2N2484, or similar high / 
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FIGURE 4. This circuit converts the ratio of two 
voltages to an equivalent frequency without a 

separate analog divider. Full-scale output 
is 15 kHz. The two op amp circuits convert the 
inputs to proportional currents. 
To get an idea of how the circuit works, consider first the 
effect of, for instance, tripling the input voltage, V1. This 
make C|_ discharge to the comparator trip point three times 
as fast, so the frequency triples. Next, consider a given 
change, such as doubling the voltage at the other input, V2. 
This doubles the recharge current to C|_ during the fixed- 
width output pulse, which means C|_'s voltage increases 
twice as much during recharging. Since the discharge into 
Q1 is linear (for V1 constant), it takes twice as long for C|_ to 
discharge — the frequency becomes half of what it was be- 
fore. 

Although the current pumps in Figure 4 must have negative 
inputs, rearranging the op amps according to Figure 5 
makes them accept positive inputs instead. Trimming out 
the offset in the op amp gives the ratio converter better 



linearity and accuracy. The trim circuit in Figure 5a needs 
stable positive and negative supplies for the offset trimmer, 
while the one in Figure 5b needs only a stable positive sup- 
ply. Unmarked components in Figure 5b are the same as in 
Figure 5a. 
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R1, R2, R3: Stable components 
with low tempco 
Qt: > 330 
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FIGURE 5. These current pumps adapt the converter 
circuits in Figures 4 and 6 to positive input voltages. 

Optional offset trimming improves linearity and 
accuracy, especially with input signals that have a 
wide dynamic range. 
Note that the full-scale range of the current pumps can be 
changed by varying the value of the input resistor(s). If ei- 
ther of these pump circuits is used with a single positive 
supply, the op amp should be a type such as 1 1I LM358 or 
1 /4 LM324, which has a common-mode range that includes 
the negative-supply bus. 

COMPUTING SQUARE ROOTS IMPLICITLY 

An analog divider computes the square root of a signal 
when the signal is fed to the divider's numerator input, and 
the output is fed back to the divider's denominator input. 



d 



ANALOG 
DIVIDER 



OUT- 



IN 
OUT 
> OUTPUT 0UT 2 = | N 

OUT = ,'fN 



TL/H/8742-7 

This type of computation is called implicit, because the end 
result of the computation is only implied, not explicitly stated 
by the equation that defines the computation. 
In the implicit square root computing loop described in the 
text, a V/F converter serves as a divider. Since it's a con- 
verter, its inputs are voltages (or currents), but its output is a 
frequency. To connect its output back to one of its inputs so 
it will compute a square root means that its output frequen- 
cy must be converted back to a voltage. This is taken care 
of by the frequency-to-voltage converter. 
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Doing some algebraic substitution shows that: 

tout = k3 X VVin 
where 



k3 = Vk1 /k2 . 

IT'LL TAKE RECIPROCALS 

Taking the ratio of two inputs — in other words, doing divi- 
sion — is only one of the mathematical operations that can 
be combined with converting. Another one is a special case 
of division, which is taking reciprocals. In this instance, the 
numerator (V1 in Figure 4) is held constant, and the denomi- 
nator, V2, changes over a wide range such as one or two 
decades. In this case, since the frequency is the reciprocal 
of the input, the period of the output is proportional to the 
input. When operated this way, the V2 current pump should 
have an offset trimmer. A constant current circuit is still 
needed to discharge capacitor C|_. 

Nonlinearity (that is, deviation from the ideal law) with an 
LM331 is a little better than 1% for 10 kHz full-scale. In- 
creasing Cj to 0.1 ju,F reduces the nonlinearity to below 
0.2% while decreasing full-scale output to 1 kHz. 
Two inputs can also be multiplied while converting to a fre- 
quency. The multiplying converter circuit (Figure 6) that 



does this has a more elaborate current pump than the ratio 
circuit of Figure 4. This pump is really two cascaded circuits; 
it includes op amps A2 and A3 as well as transistors Q2 and 
Q3. Current from this pump goes to pin 5 to control the one- 
shot's pulse width. (This current ranges from 13.3 /J.A to 
1.33 mA.) 

As in the ratio circuit, the left current pump controls the 
discharge rate of C|_. The other pump, however, controls the 
one-shot's pulse width to vary the amount that C|_ charges 
during the pulse. If the V2 input is close to zero, the current 
from the pump into pin 5 is small, and the one-shot devel- 
ops a wide pulse. This allows Cl to charge quite a bit. It 
takes a relatively long time for Cl to discharge to the com- 
parator threshold, so the resulting frequency is low. As V2 
goes negative (a greater absolute magnitude), the output 
frequency rises. Op amp A3 must have a common-mode 
range that extends to the positive supply voltage, which the 
specified types do. 

Multiplying, dividing and converting can all be done at the 
same time by combining the V2 input current pump of Figure 
4 with the circuit of Figure 6. If a scale-factor trimmer is 
needed, R4 in Figure 6 is a good choice, better than input 
resistors such as R1 or R2. Using the latter as trimmers 
would make the input impedance of the circuit change with 
trim setting. 

Two V/F converter ICs along with some extra circuitry will 
take the square root of a voltage input. Square root func- 
tions are used mostly to simulate natural laws, but also to 
linearize functions that have a natural square-law relation- 
ship. One of the latter is converting diffential pressure to 
flow, where flow is proportional to the square root of differ- 
ential pressure. 
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V1 V2 



Vg = 1 5V, regulated and stable 

/15.00V 

R3 = x 750H with ± 1 % tolerance 

V +V S 

A1, A2: Each is 1/2 LM158/LM358A or 1/2 LF353B 

A3: LM301A, LM307, or LF13741 only 

Q1, Q2: High /3 such as 2N2484, 2N3565 or similar 

Q3: High /3 such as 2N4250, 2N3906 or similar 
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FIGURE 6. The product of two input voltages becomes an equivalent frequency in this converter. A current pump that 
includes op amps A2 and A3 controls the pulse duration of the converter's internal one-shot. 



VERSATILE PIN FUNCTIONS GIVE DESIGN 
FLEXIBILITY 

Two features — the reference and the one-shot — of the 
LM131/LM331 V/F converter deserve a closer look be- 
cause they are the key to its versatility. The simplified sche- 
matic of the chip, shown here along with a transducer and 
the components needed for a basic V/F converter, will help 
to illustrate how these features work. 
The reference circuit, connected to pin 2, is both a constant 
voltage output and a current setting, scale-factor control in- 
put. The constant voltage can supply external circuitry, such 
as the transducer, that feeds the converter's input. 
One great advantage of using the converter's internal refer- 
ence to supply the external circuitry is that any variation in 
the reference voltage affects the sensitivities of the convert- 
er and the external circuitry by equal and opposite amounts, 
so the effects of the variation cancel. 
While providing a constant voltage output, pin 2 also pro- 
vides scale-factor, or sensitivity control for the converter. 
Current supplied to an external circuit by this terminal 
comes from the supply (Vs) through the current mirror and 
the transistor. The op amp drives this transistor to hold pin 2 
at a constant voltage equal to the internal reference, which 
is nominally 1.9V. 

The current mirror provides a current to the switch that's 
essentially identical to that in pin 2. This means that a 



resistor to ground or a signal from a current source will set 
the current that is switched to pin 1. In most circuits, a ca- 
pacitor goes from pin 1 to ground, and the switched current 
from this pin recharges the capacitor during the pulse from 
the one-shot. 

The one-shot circuit is somewhat like the well known 555 
timer's circuit. In the quiescent state, the reset transistor is 
on and holds pin 5 near ground. When pin 7 becomes more 
positive than pin 6 (or pin 6 falls below pin 7), the input 
comparator sets the flip-flop in the one-shot. 
The flip-flop turns on the current limited output transistor 
(pin 3) and switches the current coming from the current 
mirror to pin 1 . The flip-flop also turns off the reset transis- 
tor, and the timing capacitor Cj starts to charge toward Vs. 
This charge is exponential, and C-r's voltage reaches 2/3 of 
Vs in about 1.1 RtOj time constants. (The quantity 1.1 is 
-In 0.333...) When pin 5 reaches this voltage, the one- 
shot's comparator resets the flip-flop which turns off the 
current to pin 1, discharges Cj, and turns off the output 
transistor. 

If the voltages at pins 6 and 7 still call for setting the flip-flop 
after pin 5 has reached 2/3 Vs, internal logic not shown in 
this simplified diagram overrides the reset signal from the 
one-shot's own comparator, and the flip-flop stays set. In 
this instance, Or continues charging past 2/3 Vs. 
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ROOT LOOP COMPUTES 

The circuit in Figure 7 is an implicit loop (see "Computing 
Square Roots Implicitly") that uses IC1 as a voltage-to-fre- 
quency converter and divider, and IC2 as a frequency-to- 
voltage converter. The F/V converter, IC2, and the current 
pump that includes A1 and the transistor return the output of 
IC1 to its denominator input. A relatively elaborate feedback 
circuit like this is needed to convert IC1 's frequency output 
back to a current for its denominator input. 
Looking at the circuit in more detail, IC1 puts out a frequen- 
cy proportional to Vim divided by the feedback voltage, Vx. 
The current li is generated by a current pump that has Vx 
as its input (Figure 5a). To develop the feedback IC2 con- 
verts the pulse output from IC1 into standard width precision 
current pulses that charge capacitor C1 . This capacitor inte- 
grates them into the voltage Vx, thus closing the loop. 
Op amp A2, serving as a comparator, ensures that the cir- 
cuit will always start and continue running. If V|n suddenly 
jumps to a higher voltage, one pulse from the one-shot in 
IC1 may not be enough to recharge C|_ to a voltage higher 
than the input. In such a case, the IC's internal logic keeps 
its internal current switch turned on, and the voltage on Cl 
ramps up until it exceeds the input. During this time, howev- 
er, IC1's output hasn't changed state. (Such a temporary 
hang-up isn't unique to this circuit, and equivalent things 
happen to other V/Fs besides the LM131/LM331.) What is 
worse here, though, is that the lack of pulses to IC2 means 
that Vx and H decay. The recharging current, I2, is the same 
as h, so it not only becomes progressively harder for the 
voltage on C|_ to catch up with the input, it may even fail to 
catch up entirely if O2XR1J is less than the input voltage. 



As a sign of this condition, when the converter hangs up, 
the one-shot's timing node, pin 5, continues to charge well 
beyond its normal peak of 2/3 Vs. As soon as the compara- 
tor A2 detects this rise, it pulls up voltage Vx, current li 
increases, and the loop catches its breath again. 
After all these nonlinear computations, this last circuit is 
about as linear as it can be. It's a precision, ultralinear V/F 
converter based on an LM331 A (Figure 8) that has several 
detail refinements over previous V/F converter circuits. 
Choosing the proper components and trimming the tempco 
give less than 0.02% error and 0.003% nonlinearity for a 
±20°C range around room temperature. 
This circuit has an active integrator, which includes the op 
amp and the integrating feedback capacitor, Cp. The inte- 
grator converts the input voltage, which is negative, into a 
positive-going ramp. When the ramp reaches the converter 
IC's comparator threshold, the one-shot fires and switches 
a pulse of current to the integrator's summing junction. This 
current makes the integrator's output ramp down quickly. 
When the one-shot times out, the cycle repeats. 
There are several reasons this converter circuit gives high 
performance: 

• A feedback limiter prevents the op amp from driving pin 7 
of the LM331A negative. The limiter circuit arrangement 
bypasses the leakage through CR5 to ground via R5, so 
it won't reach the summing junction. Bypassing leakage 
this way is especially important at high temperatures. 

• The offset trimming pot is connected to the stable 1.9V 
reference at pin 2 instead of to a power supply bus that 
might be unstable and noisy. 
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* Stable components with low tempco 
A1 , A2: 1 /2 LM 358 or 1 1I LF353 
Full-scale output: 10 kHz 
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FIGURE 7. Two converter ICs generate an output frequency proportional to the square root of the input voltage. The 

circuit is an implicit loop in which IC1 serves as a divider and V/F converter. This IC's output goes back to its 

denominator input through F/V converter IC2 to make the circuit output equal the input's square root. 
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Full-scale output 1 kHz 



Vin x Rs,, 1 

2.09V R1 R 3 C T 
"Stable components with low tempco; see text 
Or is Teflon or Polystyrene 

All diodes 1N457, 1N484, or FD333 (low-leakage silicon) 
TL/H/8742-12 

FIGURE 8. An ultraprecision V/F converter, capable of better than 0.02% error and 0.003% nonlinearity for a 
±20°C range about room temperature, augments the basic converter with an external integrator. 



• A small fraction (180 juV, full-scale) of the input voltage 
goes via R4 to the Rs network, which improves the non- 
linearity from 0.004% to 0.002%. 

• Resistors R2 and R3 are the same value, so that resis- 
tors such as Allen-Bradley type CC metal-film types can 
provide excellent tempco tracking at low cost. (This 
tracking is very good when equal values come from the 
same batch.) Resistor R1 should be a low tempco metal- 
film or wirewound type, with a maximum tempco of 
±10 ppm/°C or ±25 ppm/°C. 

In addition, Ct should be a polystyrene or Teflon type. Poly- 
styrene is rated to 80°C, while Teflon goes to 150°C. Both 
types can be obtained with a tempco of - 1 1 ± 30 ppm/°C. 
Choosing this tempco for Ct makes the tempco, due to Cj, 
of the full-scale output frequency 110 ppm/°C. 
Using tight tolerance components results in a total tempco 
between ppm/°C and 220 ppm/°C, so the tempco will 
never be negative. The voltage at CR1 and Rx has a temp- 
co of — 6 mV/°C, which can be used to compensate the 
tempco of the rest of the circuit. Trimming Rx compensates 
for the tempco of the V/F IC, the capacitor, and all the 
resistors. 

A good starting value for selecting Rx is 430 kft, which will 
give the 1 35 p.A flowing out of pin 2 a slope of 1 1 ppm/°C. 
If the output frequency increases with temperature, a little 
more conductance should be added in parallel with Rx. 



When doing a second round of trimming, though, note that a 
resistor of, say, 4.3 MCI, has about the same effect on temp- 
co when shunted across a 220 kCl resistor that it does when 
shunted across one of 430 kfi, namely, -11 ppm/°C. This 
technique can give tempcos below ±20 ppm/°C or even 
±10 ppm/°C. 
Some precautions help this procedure converge: 

1 . Use a good capacitor for Ct. The cheapest polystyrene 
capacitors will shift in value by 0.05% or more per tem- 
perature cycle. The actual temperature sensitivity would 
be indistinguishable from the hysteresis, and the circuit 
would never be stable. 

2. After soldering, bake and/or temperature-cycle the circuit 
(at a temperature not exceeding 75°C if Ct is polystyrene) 
for a few hours, to stabilize all components and to relieve 
the strains from soldering. 

3. Don't rush the trimming. Recheck the room temperature 
value, before and after the high temperature data are tak- 
en, to ensure that hysteresis per cycle is reasonably low. 

4. Don't expect a perfect tempco at -25°C if the circuit is 
trimmed for ±5 ppm/°C between 25°C and 60°C. If it's 
been trimmed for zero tempco while warm, none of its 
components will be linear to much better than 5 ppm/°C 
or 10 ppm/°C when it's cold. 

The values shown in this circuit are generally optimum for 
± 12V to ±16V regulated supplies but any stable supplies 
between ±4V and ±22V would be usable, after changing a 
few component values. 
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LIFE SUPPORT POLICY 

NATIONAL'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT 
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF NATIONAL 
SEMICONDUCTOR CORPORATION. As used herein: 

1. Life support devices or systems are devices or 2. A critical component is any component of a life 



systems which, (a) are intended for surgical implant 
into the body, or (b) support or sustain life, and whose 
failure to perform, when properly used in accordance 
with instructions for use provided in the labeling, can 
be reasonably expected to result in a significant injury 
to the user. 



support device or system whose failure to perform can 
be reasonably expected to cause the failure of the life 
support device or system, or to affect its safety or 
effectiveness. 
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